The main limitation of a conventional palm oil mill effluent (POME) ponding system lies in its inability to completely decolourise effluent. Decolourisation of effluent is aesthetically and environmentally crucial. However, determination of the optimum process parameters is becoming more complex with the increase of the number of coagulants and responses. The primary objective of this study is to determine the optimum polymeric coagulant in the coagulationflocculation process of palm oil mill effluent by considering all output responses, namely lignin-tannin, low molecular mass coloured compounds (LMMCC), chemical oxygen demand (COD), ammonia nitrogen (NH 3 -N), pH and conductivity. Here, multiple-objective optimisation on the basis of ratio analysis (MOORA) is employed to discretely measure multiple response characteristics of five different types of coagulants as a function of assessment value. The optimum coagulant is determined based on the highest assessment value and was identified as QF25610 (cationic polyacrylamide). On the other hand, the lowest assessment value was represented by AN1800 (anionic polyacrylamide). This study highlights the simplicity of MOORA approach in handling various input and output parameters, and it may be useful in other wastewater treatment processes as well.
Introduction
Production of palm oil requires large volumes of water, and the process subsequently discharges high volumes of wastewater that often described as palm oil mill effluent (POME). Without proper treatment, the POME can deteriorate quality of surface water. At present, the existing biological ponding systems are unable to decolourise POME due to the presence of lignin and other recalcitrant colourants (Liew et al. 2015; Zahrim et al. 2009 ). To remove the recalcitrant colourants, physicochemical method such as coagulation-flocculation could be applied (Zahrim et al. 2014a ). The technique is relatively simple, inexpensive, relatively high efficiency of pollutant removal, easy on-site implementation and may enhance the biodegradability of the wastewater (Verma et al. 2012) .
The addition of suitable polymer as flocculant could enhance the performance of the coagulation/flocculation by producing large flocs that are less resistant to shear stress. In principle, polymers enhance the rate of orthokinetic flocculation which is due to the bulk fluid motion either by charge neutralisation and/or bridging mechanism when added to a system destabilised with inorganic coagulants (Bratby 2006) .
A polymer molecule is a series of repeating chemical units held together by covalent bonds. Polymers have been used in water and wastewater treatment for several decades. In water and wastewater application, organic polymers are watersoluble and can be classified in two broad categories: natural and synthetic polymers. Natural polymers are virtually toxic free, but synthetic polymers appear more effective due to the possibility to control properties such as the number and type of charged units and molecular weight. Moreover, due to their ease of biodegradability, natural polymers often have less storage life. Some examples of natural cationic polymers are chitosan and cationic starches. Meanwhile, sulphated polysaccharides and modified lignin fall into a group of anionic polymers. On the other hand, starch and cellulose derivatives are some examples of non-ionic natural polymers (Zahrim et al. 2011; Zahrim et al. 2014b; Bratby 2006) . Development in polymer synthesisation and purification has produced various types of polymers with different characteristics. Selecting an appropriate polymer for a particular process is important but sometimes challenging as one needs to take into consideration various factors affecting the process. This is crucial to simultaneously maximise the performance of coagulation-flocculation and minimise the associated cost. Various optimisation techniques have been employed to date to determine the optimal process parameters concerning wastewater treatments in a variety of industries. For instance, Aber et al. (2010) employed Taguchi method to determine the optimum process parameters for coagulation-flocculation of tannery wastewater treatment. An experimental design based on Taguchi method (L 16 ) was chosen to consider the effects of five process parameters (coagulant type, coagulant dose, coagulant aid type, coagulant aid dose and pH) with four different levels on COD, Cr, TDS and turbidity. Interestingly, the number of experiments was minimised from 1024 to 16 sets of experiments. Of the four different types of coagulants (Al 2 (SO 4 ) 3 , FeSO 4 , FeCl 3 and polyaluminum chloride (PAC)) used, they found that FeCl 3 is the most efficient coagulant at removing both COD and TDS at just marginally better than PAC. On the other hand, Al 2 (SO 4 ) 3 , FeSO 4 and FeCl 3 showed comparable performances at removing chromium. PAC was discovered slightly less efficient in removing chromium as compared to Al 2 (SO 4 ) 3 , FeSO 4 and FeCl 3 . With respect to the removal of turbidity, PAC and FeCl 3 appear to be the effective and worst coagulants, respectively. However, the study did not indicate the best/optimised coagulant for simultaneous removal of COD, Cr, TDS and turbidity.
While Taguchi method significantly reduces the number of experimental configurations, its main limitation lies in the assumption that there is no interaction between parameters. Often, this is not the case in practice. On the other hand, use of response surface methodology with relevant design of experiment (DOE) not only could reduce the number of experiments but it is also capable of simultaneously assessing the effects of several parameters and determines the optimum conditions. Wang et al. (2007) utilised response surface methodology in optimising coagulation-flocculation process of paperrecycling wastewater treatment. In the study, AlCl 3 and modified natural polymer (chitosan-g-PDMC) were, respectively, used as coagulant and flocculant. Modified natural polymers are inexpensive and environmental-friendly in comparison to conventional organic flocculants such as polyacrylamide (PAM) and poly (acetic acid) (PAA). The latters are considered non-biodegradable and expensive (Rath and Singh 1997) . A series of experiments was designed using central composite design to assess the effects and interactions of the three chosen factors namely, coagulant dosage, flocculant dosage and pH on turbidity and sludge volume index (SVI). The result showed that minimum turbidity can be achieved at medium coagulant dosage, high flocculant dosage and medium pH. Meanwhile, at marginally lower values than that of the parameters used for turbidity removal, one can obtain minimum SVI.
Response surface methodology (RSM) also found its application in optimisation of coagulation-flocculation process of pulp and paper mill effluent (Ahmad et al. 2007) . Experimental design based on central composite facecentred design was employed to maximise removal of total suspended solid (TSS) and to maximise water recovery with minimum SVI. Ahmad et al. (2007) discovered that the combined effects of both coagulant dosage and pH could result in higher removal of TSS and minimum SVI. Nevertheless, coagulant dosage has limited influence on the amount of water recovery.
It is noted here that RSM has one obvious limitation since it can only formulate/establish one mathematical model at one time by linking two parameters (inputs) and one single output. A different set of mathematical model needs to be established if one desires to consider another output or sample. Hence, RSM can be considered as mathematically exhaustive with the increase of input and sample. In short, the number of mathematical models that needs to be developed in RSM can be calculated as the product of the number of outputs and the number of coagulant/flocculant. Thus, we find that RSM is often limited and used to optimise several output parameters concerning a single type of coagulant/flocculant only (Ahmad et al. 2007; Wang et al. 2007) .
For this reason, multiple-objective optimisation is deemed useful at handling considerable amount of samples and outputs. For instance, the Grey system theory (Ju-Long 1982) has been widely used for several industrial (Saraswathi and Saseetharan 2012) and manufacturing (Tamrin et al. 2015a; Tamrin et al. 2014; Tamrin et al. 2015c ) processes and has shown beneficial outcomes especially in situations where the data is sufficiently large to handle, not systematic and/or incomplete. Saraswathi and Saseetharan (2012) demonstrated the application of grey relational analysis (GRA) for determining the optimised wastewater treatment in paper and pulp industry. Coagulant type, coagulant dosage, coagulant aid type, coagulant aid dosage and pH were the chosen parameters considered for achieving lowest turbidity and highest removal of COD and TDS. Taking into consideration the aforementioned desired multi-performance characteristics, the result of GRA agreed well with the confirmatory experiments (Saraswathi and Saseetharan 2012) . It is noted that one of the main requirement of GRA is determination of the relative weights for all measured responses. This often becomes a major decision challenge for someone without any experimental result.
Compared to GRA, multi-objective optimisation on the basis of ratio analysis (MOORA) offers a mathematically straightforward and easily applicable procedure for optimisation problems. Furthermore, MOORA mathematically takes into account the relative weights of the measured responses. MOORA was originally conceived by Brauers and Zavadskas for economics (Brauers and Zavadskas 2006) and later found application for determining optimal manufacturing processes (Chakraborty 2011) and dealing with selection of volumes of materials in product design (Karande and Chakraborty 2012; Tamrin et al. 2015b ).
In our previous study, the suitable coagulant (but not optimised) was chosen based on averaging the total removal of several compounds, assuming that each compound has equal influence on the process (Zahrim et al. 2014a ). In addition, the contributions from pH and conductivity were neglected due to the difficulty to correlate the values of pH and conductivity in the averaging equation. In practice, some compounds have different effects on the treatments. To account for this, we report, for the first time, an unstructured experimental design in combination with MOORA to optimise the coagulation-flocculation of POME using five different types of coagulants. The aim of this study was to determine the optimum coagulant by considering their effects in maximising removal of lignin-tannin, low molecular mass coloured compounds (LMMCC), chemical oxygen demand (COD) and ammonia nitrogen (NH 3 -N), and simultaneously minimising pH and conductivity of the treated wastewater. The experiment is described in the following section.
Materials and methods

Materials
The effluent was collected from the first aerobic pond located at Beaufort, Sabah, Malaysia. The sample was brought back to laboratory for analysis and preserved at 4°C to prevent biodegradation. Conventional ponding system in the mill consists of four anaerobic ponds followed by another four aerobic ponds. In a previous study (Zahrim et al. 2014a) , the conventional ponding system was found incapable of decolourising the POME due the recalcitrance nature of POME. Therefore, coagulation-flocculation of POME is necessary in order to increase decolourisation efficiency and minimise wastewater processing area. The coagulation-flocculation was not performed using raw POME because of its tendency to turn into a raw material of the biogas production. The colour of effluent discharged by the anaerobic ponding system was found in dark brownish, characterised by high organic matter (high level of COD) and other nutrients, as shown in Table 1 .
In this study, polymers used for the flocculation process were supplied by Guangxi Nanning Bonglin Business & Trade Co. Ltd., China. According to the supplier's datasheet, cationic polyacrylamide polymer (QF25610, QF24807 and QF23912) has charge density and molecular mass of 35.2-59.55% and 6.8-11.5 × 10 6 g/mol, respectively. On the other hand, AN1500 and AN1800 are categorised as anionic polyacrylamide polymer with molecular mass of 15 × 10 6 and 18 × 10 6 , respectively. However, there is no charge density given in the datasheet with respect to AN1500 and AN1800.
The parameters under consideration are low molecular mass coloured compounds (LMMCC), lignin-tannin, ammonia nitrogen (NH 3 -N) and chemical oxygen demand (COD). They were measured based on the methods described by HACH DR/2000 DR/ (1994 . Initially, the COD was digested in a reactor and then analysed using a Jasco spectrophotometer. As shown in Fig. 1 , a similar spectrophotometer was used to determine the maximum absorbance of the POME by wavelength scanning across ultraviolet and visible regions. It was found that the maximum absorbance is λ max = 290 nm. Meanwhile, lignin-tannin and NH 3 -N contents were measured based on Tyrosine and Nessler methods, respectively. Finally, both conductivity and pH level were measured using a portable meter (Hanna Instrument, model HI 9611-5).
COD (mg/L) is a measure used to determine the organic contents in the wastewater while NH 3 -N (mg/L) indicates its nutrient content. In addition, lignin-tannin (mg/L) and LMMCC (absorbance) specifically contribute to the colour of the wastewater. pH indicates the nature of the wastewater either in the form of acidic or alkaline solutions, and conductivity determines the amount of inorganic ion including calcium ion (from calcium lactate that is still left after the treatment). The absorbance LMMCC value was determined by multiplying the measured reading with the dilution factor of Table 1 Characteristics of anaerobic POME (AnPOME)
Parameter
Anaerobic POME (AnPOME) the concerned coagulant. The spectrophotometer used for the measurement has an absorbance (Abs.) value up to 1.0.
Jar test
The method involved in jar tests was detailed in Zahrim et al. (2014a) . During the jar tests, the appropriate volume of anaerobically treated POME (AnPOME) was transferred into the round jar. In this study, the total volume of calcium lactate and polymer was restricted to less than 5% of the total volume (500 mL) to minimise the effect of dilution. A 0.5 g/L of calcium lactate (molecular mass of 218 g/mol, supplied by Merck) was added to the solution in the jar. A standard flocculator apparatus (Phipps & Birds) equipped with stainless steel paddles and stirrer was used for the coagulation/ flocculation tests. The aqueous solution was then rapidly mixed at a paddle speed of 258 rpm for 3 min. A predetermined dosage (50 mg/L) of polyacrylamide (PAM) (supplied by Guangxi Nanning Bonglin Business & Trade Co., Ltd., China) was added to the solution in the jar, making the total volume of 500 mL, followed by slow mixing for 20 min at 39 rpm. After allowing settling to occur (30-120 min), about 25 mL of the liquid was withdrawn using a pipette from a height of about 3 cm below the liquid surface in each jar.
Multiple-objective optimisation on the basis of ratio analysis (MOORA)
With the aims to maximise removal of lignin-tannin, LMMCC, COD and NH 3 -N from the treated wastewater with minimum pH and conductivity, MOORA is employed here to evaluate the best appropriate configuration. The procedure is discussed in the following steps: As the name implies, multi-objective optimisation procedure performs simultaneous optimisation of all selected attributes in a given set of constrains. First, a decision matrix is constructed (Eq. (1)). It consists of the measured performances of different variables for various objectives. Each values of the measured performance x mn are noted for all alternatives/variables with attributes/objectives. 
where m represents the total number of alternatives, while n represents the total number of attributes. Following this, a ratio is computed of all the performance of alternatives for an attribute using Eq. (2). For maximisation, g is the total number of attributes, while for minimisation, the number of attributions is presented by (n − g). Normalised value of y i represents the assessment value for i th substitute compared to all attributes. The value Fig. 1 Variation of absorbance of palm oil mill effluent at different wavelengths, measured across ultraviolet to visible regions of y i can be positive (maxima-beneficial attributes) or negative value (minima-negative attribute), while the ordinal ranking indicates the final preferences.
Results and discussion
In this study, six parameters were measured which are responsible for the level of pollution in the wastewater. The experimental results concerning various types of coagulants and their responses are given in Table 2 . As stated in the "Introduction", the experiments were performed with the aims to find the optimum coagulant which is capable of (a) maximising removal of COD, NH 3 -N, lignin and LMMCC, while simultaneously (b) minimising conductivity and pH. It is noted that typical conventional coagulants such as alum and ferric chloride have the tendency to turn treated wastewater into an acid. Acidic treated wastewater is problematic since neutralisation process is required before the wastewater can be safely discharged. Minimum conductivity is required to prevent aquatic plant toxicity (Zahrim and Rajin 2014) . Both NH 3 -N and COD are inter-related where nitrogen in the form of ammonia (such as NH 3 -N) can create a significant oxygen demand. In addition, lignin-tannin and LMMCC are also subset of COD. This essentially implies that these parameters are equally important, and maximum removal of these pollutants is therefore vital.
It is also instructive to mention the relative importance of those qualities based on the current practice in the palm oil mill industry at the present time. It was found that removal of both lignin-tannin and LMMCC appears as the most challenging task as they represent the colour of the treated wastewater (Liew et al. 2015; Zahrim et al. 2009 ). Through usual observation, one could simply differentiate qualities between good and bad treated wastewater by relying on the colour appearance. Two other factors that come second in the priority list are COD and conductivity. COD consists of soluble and suspended particles where coagulation of suspended particles is generally easier than that of soluble particles. This apparently helps greater removal of COD. Next, conductivity is also deemed significant since it indicates some possible existence of unreacted calcium lactate/polymers in the treated wastewater. The influence of both pH and NH 3 -N is comparatively the least important among other parameters as they did not show much difference in the performances of various coagulants, as demonstrated in the previous study (Zahrim et al. 2014a) . To simplify matters due to aforementioned complex responses, we resort to MOORA in determining the optimised coagulant, as described in "Multiple-objective optimisation on the basis of ratio analysis (MOORA)". All MOORA calculations can be conveniently performed in either Microsoft Excel or MATLAB software. Table 2 shows the results after squaring the responses of each attribute, x ij 2 . By using Eq. (2), the normalised value of the response, x a ij , is calculated and the assessment value, y, for each coagulant is determined based on Eq. (3). The decision-making matrix results are shown in Tables 3 and 4 . Optimisation of multiple performance characteristics of the coagulation-flocculation process in palm oil wastewater treatment using different types of polymers has been converted into MOORA assessment value. Higher assessment values represent a close match of the employed polymer with an ideal value. In the present study, QF25610 shows best multi- response characteristics out of total five different coagulants (as shown in Table 3 ), indicating its overall efficiency in removing various pollutants. On the contrary, the lowest MOORA assessment value is represented by AN1800. In addition, this finding shows that cationic polyacrylamide is more efficient than that of anionic polyacrylamide in removing all types of measured pollutants. This agrees well with the earlier findings in Zahrim et al. (2011 ), Zahrim et al. (2014b and Huang and Lipp (1999) . Significantly high pollutant removal by cationic polyacrylamide (QF25610 and QF23912) can be attributed to the increase in the charge neutralisation capacity (Zahrim et al. 2014a; Tripathy and De 2006) . However, there is very limited data available to compare the effects of each cationic polymer on treatment performances. The MOORA ranking order as defined by Eq. (3) can be written as follows: (1) QF25610, (2) QF23912, (3) AN1500, (4) QF24807 and (5) AN1800. These observations differ slightly with our previous findings (Zahrim et al. 2014a) , where QF23912 was found to be the best coagulant and then followed by QF25610. The remaining ranking order is exactly similar with the current study. This is because the influence of both pH and conductivity were neglected in Zahrim et al. (2014a) due to the difficulty to correlate the values of pH and conductivity in the averaging equation.
Conclusions
Selection of suitable polymer is important to realise effective performance of POME treatment. Multi-criteria optimisation technique simplifies decision-making associated with complex, non-linear relationships between various inputs and outputs in those processes. In this study, we have demonstrated the application of multiple-objective optimisation on the basis of ratio analysis (MOORA) to determine the best optimised coagulant polymer in coagulation-flocculation of POME. Here, five different types of coagulants were studied in response to the performances of lignin-tannin, LMMCC, COD, NH 3 -N, pH and conductivity. The complexity of determining the optimised coagulant with multi-response characteristics is simplified to a single performance characteristic, known as MOORA assessment value. It is found that QF256102 (cationic polyacrylamide) is the most efficient while AN1800 (anionic polyacrylamide) is the least in removing all types of measured pollutants. This method can also be applied in a number of multi-criteria decision-making issues related to wastewater treatment processes. 
